We demonstrate the injection and detection of electrically and thermally generated spin currents probed in Co 2 MnSi/Cu lateral spin valves. Devices with different electrode separations are patterned to measure the non-local signal as a function of the electrode spacing and we determine a relatively high effective spin polarization α of Co 2 MnSi to be 0.63 and the spin diffusion length of Cu to be 500 nm at room temperature. The electrically generated non-local signal is measured as a function of temperature and a maximum signal is observed for a temperature of 80 K. The thermally generated non-local signal is measured as a function of current density and temperature in a second harmonic measurement detection scheme. We find different temperature dependences for the electrically and thermally generated non-local signals, which allows us to conclude that the temperature dependence of the signals is not just dominated by the transport in the Cu wire, but that there is a crucial contribution from the different generation mechanisms, which has been largely disregarded to date.
We demonstrate the injection and detection of electrically and thermally generated spin currents probed in Co 2 MnSi/Cu lateral spin valves. Devices with different electrode separations are patterned to measure the non-local signal as a function of the electrode spacing and we determine a relatively high effective spin polarization α of Co 2 MnSi to be 0.63 and the spin diffusion length of Cu to be 500 nm at room temperature. The electrically generated non-local signal is measured as a function of temperature and a maximum signal is observed for a temperature of 80 K. The thermally generated non-local signal is measured as a function of current density and temperature in a second harmonic measurement detection scheme. We find different temperature dependences for the electrically and thermally generated non-local signals, which allows us to conclude that the temperature dependence of the signals is not just dominated by the transport in the Cu wire, but that there is a crucial contribution from the different generation mechanisms, which has been largely disregarded to date.
Recently pure spin currents have been receiving a great deal of attention as an exciting and efficient new means of manipulating the magnetic state of a device, while potentially reducing disadvantageous Joule heating and Oersted field effects at the position of the ferromagnet that is manipulated. Non-local spin valves, consisting of two spatially separated magnetic nano-structures bridged by a nonmagnetic channel, have been intensively studied as an easy possibility to generate and detect pure spin currents via spin injection from the injector into the conduit.
1,2 This leads to a spin accumulation which diffuses away from the injection point and comprises a pure diffusive spin current in the direction of the second ferromagnetic electrode, where the spin current can be detected and manipulate the local magnetization due to the spin transfer torque.
3,4 A large efficiency for a domain wall displacement assisted by a pure spin current 4 and even pure spin current induced domain wall displacement was reported.
5 Furthermore, non-local spin valves have recently started to be intensely investigated as a geometry for future magnetic read-head devices.
6 Scientifically, the non-local technique allows for the determination of key parameters of the spin transport, namely the spin polarization α of the ferromagnetic and the spin diffusion length of the nonmagnetic material 3 and based on these parameters the ratio between spin and charge current. To generate larger spin currents and improve the efficiency of magnetization manipulation but also to obtain larger signals for use in read-heads, recent studies used Heusler based ferromagnetic electrodes and found large spin signals.
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One promising material for non-local spin valves is the Heusler compound Co 2 MnSi for which recently 100 % spin polarization at room temperature was observed.
15
In addition to these electrically generated spin currents, it has recently been demonstrated that it is also possible to generate thermal spin currents in non-local spin valves via the spin dependent Seebeck effect due to the thermal gradient that is established at the injector-conduit interface as a result of Joule heating. 12, 13, [16] [17] [18] While potentially very useful for instance for waste-heat recovery, for this generation method, spin current efficiencies currently tend to be lower than the electrical injection method, calling for improvements. Hu et al. made recent progress in this regard by employing a CoFeAl thermal spin current injector electrode. 13 The resulting dramatic improvements to the spin injection efficiency were partly attributed to the large spin-dependent Seebeck coefficient which arises from the change in sign in the Seebeck coefficient for spin up and down electrons due to the large difference in DOS for the different spin-subbands at the Fermi level and partly attributed to the low spin resistance leading to reduced backflow spin absorption.
19
In the present work we study Co 2 MnSi/Cu non-local spin valves. By measuring the electrically generated non-local signal as a function of the electrode separation we are able to extract the key parameters for our devices at room temperature finding a spin diffusion length of 500 nm in the Cu conduit and a spin polarization of 0.63 at room temperature. The reduction of the measured spin polarization as compared to the previously measured intrinsic spin polarization of the Heusler material is attributed to the lower interface spin polarization, highlighting the importance of the interface properties on the measured signals. We compare the electrically generarXiv:1507.04868v1 [cond-mat.mes-hall] 17 Jul 2015 ated non-local signals as a function of temperature with thermally generated signals in the same sample. These measurements show a significantly different temperature behaviour, which can be explained by different temperature dependencies of the injection mechanisms at the Co 2 MnSi/Cu interface. Such contributions have been largely overlooked in previous studies, where mostly spin relaxation mechanisms in the non-magnetic material are proposed to account for the temperature evolution of the signals, which are clearly not sufficient to explain our results.
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A schematic depiction and a scanning electron microscope image of the patterned nanowires is shown in Figure 1 . A 47 nm thick Co 2 MnSi and 42 nm thick Ag thin film is grown via rf sputtering and then nano-structured to obtain about 200 nm wide ferromagnetic electrodes with a 200 nm thick and 170 nm wide Cu nanowire on top by two-step lift-off electron beam lithography. We have confirmed the 100 % intrinsic spin polarization of the grown Co 2 MnSi as described in 15 . Before depositing the Cu nanowire, 30 second Ar + -ion milling is performed to provide clean interfaces. Different devices, fabricated from the same film and made in the same batch, were measured with a range in electrode separations from 200 nm to 1000 nm. In order to characterize the devices we perform two sets of measurements. Firstly, for the study of spin currents via electrical spin-injection we apply a small 220 µA alternating current between the injector and the end of the Cu wire which acts as the nonmagnetic (N) spin current conduit (contact 6 and contact 5 as shown in Figure 1 ). This generates a spin accumulation which diffuses as a pure spin current towards the interface between the Cu wire and the detector. If the spin resistance is low,
19 the pure spin current is then strongly absorbed in the detector. Depending on the relative orientation of the magnetization of the two ferromagnetic electrodes, a high non-local voltage for a parallel alignment and a low non-local voltage for an antiparallel alignment of the magnetization of the nanowires is measured between the detector and the conduit (contact 7 and contact 1) in the first harmonic measurement via a standard lock-in technique. As a second effect a stronger applied current leads to significant Joule heating of the FM1/N interface. The resulting temperature gradient between the hot junction and the cold sample environment gives rise to a thermally generated spin current due to the spin dependent Seebeck effect. 12, 13, 16 Since the measured voltage scales quadratically with the applied charge current due to Joule's law, we measure the thermally generated non-local voltage as the second harmonic signal with the same probe configuration as for the electrically generated signal. Temperature dependent measurements are carried out for certain temperatures between 5 K and 300 K in the same sample, where we keep the applied charge current and the temperature constant during the measurement of the non-local signal. For a quantitative comparison in the case of electrically generated spin currents, we define a non-local resistance via V NL /I ac where V NL is the measured non-local signal and I ac the applied charge current of about 220 µA.
A non-local curve with its characteristic two states while sweeping the field along the easy axes of the wires is shown inside in Figure 2(a) . Furthermore we present in this figure the non-local resistance as a function of the electrode distance where the red dots are the measured data points and the orange curve is a fit using an analytical solution 7, 24 of the spin diffusion problem in 1-D:
In this formula, α is the effective spin polarization of Co 2 MnSi and λ N the spin diffusion length of Cu. R N and R F are the spin resistances of the nonmagnetic and ferromagnetic material which are defined as
2 ) with ρ as the resistivity and S as the effective cross sectional area where the spin current flows. λ F is assumed to be 1 nm, the average effective cross section S is determined to be 33000 nm 2 while the resistivities are measured as 3.2·10 −7 Ω·m for Co 2 MnSi and 1.8·10 −8 Ω·m for Cu. We determine the spin diffusion length λ N of Cu to be 500 nm which is in agreement with other reports 21, [25] [26] [27] and determine α to be 0.63 at room temperature. While higher than for typical 3d metals, this spin polarization value is lower than the recently reported intrinsic spin polarization of Co 2 MnSi 15 which implies significant spin relaxation occurs when the current is injected across the Co 2 MnSi/Cu interface. For transparent contacts sources of such spin relaxation can include absorption of the spin accumulation by the ferromagnet due to a low spin resistance, 20 increased backscattering of electrons from the start of the conduit and spin flip scattering of electrons as they cross the interface or at impurities in the vicinity of the interface. 28 However, for a perfect spin polarized material the spin relaxation within the ferromagnet should be suppressed.
11 In our case the junction resistances are relatively high for an all metallic system (on the order of 5 Ω), which means that indeed spin flip at the interface can occur. In this case we are probing the interfacial spin polarization in the measurement which can be expected to be lower than the intrinsic spin polarization. 29 To circumvent this problem in the future, dedicated materials combinations have to be developed where the interfacial polarization of the spins that enter the non-magnetic spin conduit is 100 % , which can possibly be achieved by band-structure matching and using an all-Heusler stack, which is though beyond the scope of the current work.
In Figure 2 (b) we show the non-local signal as a function of temperature in the range of 5 K and 300 K for the 350 nm separation device. Initially on reducing the temperature the signal displays a monotonic increase, as expected from the Elliott-Yafet spin relaxation mechanism in the case of a monotonic decrease in resistivity on cooling. 30 However, around 80 K a maximum in the signal is observed and at lower temperatures the signal decreases significantly. Whilst an obvious low temperature decrease in signal is not apparent in the recently studied Heusler non-local spin valves, 10,11 the occurrence of a maximum of the non-local signal at a certain temperature is well studied in literature. [20] [21] [22] [23] The physical origin for this non monotonic behaviour is still an open question, with a variety of explanations having been put forward including surface scattering in the conduit, surface oxidation, grain boundaries, magnetic impurities and a manifestation of a Kondo effect.
To shed light onto the origin of the temperature dependence, we compare further below the electrically injected spin current to a thermally generated spin current. If the temperature dependence is dominated by an effect of the spin current propagation in the spin current conduit, such as surface oxidation of the conduit, different injection methods should yield the same temperature dependence.
So to check this, a thermally generated non-local curve, measured with an electrode distance of 350 nm and an applied current density of 1.8·10 11 A/m 2 while sweeping the field, is shown inside in Figure 3 (a) in addition with the observed thermal signal as a function of current density. A similar switching behaviour to the electrically generated signals is observed. Compared to the electrically generated non-local curve, the voltage drops are observed for a narrower field range instead of a wide field plateau for the antiparallel state for the electrically generated spin currents with less thermal excitation. Nevertheless we can identify the voltage drop with the antiparallel alignment and average over 50 field value data points in the lower state resulting in a low statistical error for the thermal signal as the difference between parallel and antiparallel alignment allowing us to extract the amplitude of the signal with high confidence. In Figure 3 (b), we show the normalized thermal generated non-local signal. Please note that the applied current density is 1.2·10 11 A/m 2 for these measurements, which is low enough to prevent any significant increase of the resistance between contact 6 and contact 5, meaning that the cryostat temperature is indeed the sample temperature. The thermally generated signal shows a very different low temperature behaviour than the electrically generated one. We do not observe a maximum but a constant signal at temperatures between 5 K and 65 K and also the size of the relative signal differs significantly. We measure in the temperature range between 295 K and 75 K an increase of the signal of 350 % while for the electrically generated signal we just observe an increase of 220 %.
These observations motivate a comparison between both types of spin currents, their temperature dependence and their physical origin. In both cases, the resulting signal depends both on the magnitude of the spin accumulation initially generated in the conduit and the decay of that spin accumulation as it approaches the detector. At higher temperatures, the spin relaxation in the conduit is expected to be dominated by the Elliott-Yafet spin relaxation mechanism, since additional proposed contributions to spin relaxation such as surface scattering along the conduit length, 20, 21, 23 or the Kondo effect in the vicinity of the interface 22 are only expected to potentially play a role at low temperatures. In the Elliott-Yafet mechanism, the spin-flip scattering rate is proportional to the momentum scattering rate and therefore should scale with the resistivity of the conduit identically, regardless of the initial generation mechanism.
30 This explains the general trend for the increase in signal with decreasing temperature in both cases in the temperature range between 300 K and about 80 K. In the case of the thermal spin injection, the temperature gradient in the vicinity of the injector will complicate the picture since the spin diffusion length may not be uniform along the length of the conduit. This may partly explain why above 100 K the electrical signal is well described by a linear function whereas the thermal spin signal has a changing slope.
At lower temperatures a qualitative difference is observed between the two curves. For temperatures below 80 K we observe a maximum in the electrically generated non-local signal and for lower temperatures a strong reduction of 40 % to the maximum signal whilst in the case of thermally generated spin currents, we observe a plateau between 65 K and 5 K. In order to explain the non monotonic behaviour in this regime, additional temperature dependent spin relaxation pathways are usually invoked in part or all of the conduit 20, 22, 23 . However, if these were the only dominant effects we would expect no difference for the two cases. We therefore deduce that the two different temperature dependences must include effects from the different generation mechanisms and cannot purely originate from the temperature dependence of the spin transport in the spin current conduit. This is a key result since such effects are largely disregarded in the existing literature where the temperature dependence was explained only by changes in the transport properties of the nonmagnetic channel. [20] [21] [22] [23] Yet for both spin current sources a temperature dependence of the generated spin current may be expected with changes to the polarization of electrically injected carriers and variations in the temperature gradients in the device, in addition to an evolution in the junction resistance.
In conclusion, we studied electrically and thermally generated spin currents in Co 2 MnSi/Cu spin valve structures as a function of temperature. In the case of electrical injection we determine the spin transport parameters of the devices by measuring the non-local signal as a function of electrode separation. From our fit we find the effective spin polarization of Co 2 MnSi and the room temperature spin diffusion length of Cu, which are determined to be 63 % and 500 nm respectively. While this is a relatively high spin polarization, a significant contribution to spin relaxation due to the interface properties is suggested, calling for future care in interface engineering and choice of materials combinations to achieve the desired maximum spin accumulation in the conduit.
By direct comparison between the electrically and thermally generated signals as a function of temperature in the same device, we study the temperature dependence of the injection and spin transport. Since the spin transport in the nonmagnetic channel is diffusive for both types of spin currents 13 the same temperature behaviour would be expected if effects in the conduit dominated both measurements. However, a qualitative difference in behaviour is observed, demonstrating that in contrast to most existing studies, the temperature dependence of the spin current generation mechanism must be taken into account and will have a decisive effect on the device behaviour. pants of SpinMechanics 2 Workshop for valuable discussions and are grateful for financial support from the German Academic Exchange Service (DAAD) via the SpinNet Program (56268455).
